[1] We measured the oxygen isotopic composition of the deep-dwelling foraminiferal species G. inflata, G. truncatulinoides dextral and sinistral, and P. obliquiloculata in 29 modern core tops raised from the North Atlantic Ocean. We compared calculated isotopic temperatures with atlas temperatures and defined ecological models for each species. G. inflata and G. truncatulinoides live preferentially at the base of the seasonal thermocline. Under temperature stress, i.e., when the base of the seasonal thermocline is warmer than 16°C, G. inflata and G. truncatulinoides live deeper in the main thermocline. P. obliquiloculata inhabits the seasonal thermocline in warm regions. We tested our model using 10 cores along the Mauritanian upwelling and show that the comparison of d
Introduction
[2] Quaternary climatic variations resulted in large ocean circulation changes associated with the atmospheric and sea surface temperature variations. Deep and intermediate water temperature changes can be reconstructed by isotopic or trace element analyses in benthic foraminifera [Martin et al., 2002; Streeter and Shackleton, 1979] or deep corals [Schrag and Linsley, 2002] . Assemblage analyses of fossil marine plankton communities, such as coccolithophores, surface dwelling foraminifera or diatoms are commonly used to infer past sea surface temperature [Giraudeau et al., 2000; Koç Karpuz and Schrader, 1990; Prell, 1985] . However, little information is available on temperature variations in the upper 500 m of the water column, where most of the energy storage and heat transport occur [Liu and Philander, 2001] .
[3] Deep-dwelling planktonic foraminifers inhabit the top few hundred meters of the ocean [Bé, 1977] and constitute potential recorders of thermocline conditions [Fairbanks et al., 1980] . Mulitza et al. [1997] used the oxygen isotopic composition (d 18 O) of G. truncatulinoides to monitor past seawater temperature variations at 250 m depth and suggested that the thermal stratification of the western equatorial Atlantic was weaker during the Last Glacial Maximum (LGM) than during the Holocene.
[4] However, reconstructing mixed layer and thermocline structure requires insight into ecological niches of deep-dwelling planktonic foraminifers including their growth seasons and calcification depths. In this paper, we use multispecies d
18 O analyses to better constrain these parameters and to gain a fuller understanding of deep-dwelling foraminiferal habitats.
[5] We selected three species that are common in deep sea sediments: the transitional water species Globorotalia inflata, the warm and high salinity water species Pulleniatina obliquiloculata and the deep species Globorotalia truncatulinoides right and left coiling [Bé, 1977] . d
18
O values of these species sampled in modern core tops are used to calculate isotopic temperature (Tiso) . These values constrain their calcification depths and seasonalities, when compared to modern hydrological data. We apply this concept to down-core isotope profiles from a suite of sediment cores from the Mauritanian margin to assess upwelling intensity during the LGM.
Samples and Methods
[6] We measured the oxygen isotopic composition of foraminifer shells from 29 core tops raised from the subtropical to northern North Atlantic, 28°-61°N (Figure 1 ). The samples cover three marine climatological regimes: the North Atlantic Current, the warm and well-stratified subtropical gyre and the deep mixed-layer zone in the north.
[7] Except for the 4 southernmost cores (centered around 30°N), the stratigraphy of all the cores indicates that the upper part correspond to an expanded Holocene section. This minimizes the influence of upward bioturbational mixing of older foraminiferal shells (from early Holocene or deglaciation). However, for all the cores, we use the Late Holocene stratigraphic quality levels as defined in MARGO [Kucera et al., 2005] to ensure an Upper Holocene age of the samples and checked that the isotopic composition of the surface-dwelling species G. ruber and G. bulloides are consistent with modern seawater temperature and salinity (Table 1) .
[8] Foraminifera were picked in different sizes fractions. G. ruber and G. bulloides were chosen in the 250-315 mm fraction. About 4 shells were taken for each d
18 O analysis. Deep-dwelling species were picked in the 355-400 mm fraction. G. inflata specimens were also taken in the 250-315 mm size fraction to check for a possible size effect. 2 or 3 tests were used for analyses. 2 to 10 isotopic measurements on the same sample were performed to estimate the d
18
O variability within single sediment samples (Table S1 1 ).
[9] Prior to analysis, shells were ultrasonically cleaned in methanol to remove clays and other impurities and then roasted at 380°C during 30 min under vacuum to burn organic matter. Samples 
Calcification Temperature Estimates
[10] Several authors have shown that many foraminiferal species do not precipitate their shell in isotopic equilibrium with ambient water but exhibit an offset called ''vital effect'' that is assumed to be constant. For surface-dwellers vital effect seems to be constant both within the same species across its optimum environmental regimes [Duplessy et al., 1991; Wang et al., 1995] and through stratigraphic time. For deep-dwelling species, contradictory results have been published in the literature. However, apparent disequilibria are rather small in the range 0 ± 0.3% [Deuser and Ross, 1989; Fairbanks et al., 1980; Ganssen, 1983; Wilke et al., 2006] which is equivalent to ±1°C.
[11] Neglecting isotopic equilibrium, we first quantify the depth habitat of the deep-dwelling species and then test the robustness of this approach by calculating the effect of a potential disequilibrium for each species.
[12] We calculated Tiso using the paleotemperature equation of Shackleton [1974] (equation (1)). This relation fits isotope measurements performed on benthic foraminifera and the slope of this relationship fits well with measurements performed on planktonic species [Bemis et al., 1998; BouvierSoumagnac and Duplessy, 1985] .
This equation does not differ from other paleotemperature equations [Epstein et al., 1953; Kim and O'Neil, 1997] by more than 0.8°C in the range 8-20°C.
[13] In this equation, d
18
O of both foraminifera and water are measured against the same working standards. As we report here foraminifera d
O against V-PDB and seawater d
18 O against V-SMOW, a 0.27% correction factor was used to account for the difference between PDB-CO 2 and SMOW-CO 2 standards [Hull and Turnbull, 1973; Hut, 1987] .
[14] We extracted salinity data from the World Ocean Atlas 2001 (WOA) [Conkright et al., 2002] At high latitude, salinity is nearly constant in the mixed layer and the thermocline. We calculated d 18 O seawater from the mean salinity value between 0 and 500 m ( Figure A1 ). The same approach is applied for low latitude cores. In the subtropical gyre, salinity varies from 37 psu at the surface to 35.75 psu at 500 m depth. Taking a mean salinity/ d 18 O value for the water column results in an error on the isotopic temperature of ±1.5°C, which is small when compared to the observed temperature range within the thermocline which commonly exceed 10°C. Taking into account the experimental error of ±0.07% on the isotope measurement, the total error is about ±2°C.
[15] This calculation rests on the assumption of isotopic equilibrium of foraminifer carbonate shells with ambient seawater. If we assume a vital effect of ±0.3%, which is the maximum value given by previous studies , isotopic temperatures will change by less than 1.5°C according to the paleotemperature equation (1).
Given the large scatter of the measured d 18 O values, such a small disequilibrium would not affect our conclusions.
Results and Discussion: A Modern Ecological Concept
[16] To compare Tiso with modern temperatures from atlas we applied the following method: To take account regional variability, we extracted, around each core, summer and winter temperature profiles from the four neighboring grid points. Figure 2 gives an example for the isotopic results of G. inflata in the core FI KR02 but we applied [17] At midlatitudes and high latitudes, the Tiso of all species are higher than winter temperatures but coincide with summer temperatures around the base of the summer thermocline (BST hereinafter, which we define as the depth where the summer and winter profiles join). In agreement with the observation that planktonic blooms occur during summer time [Colebrook, 1982; Esaias et al., 1986] . At low latitude, we cannot exclude the possibility of a surface habitat during winter based on our isotopic measurements [Deuser, 1987; Deuser and Ross, 1989; Deuser et al., 1981] .
G. inflata
[18] As results were similar for both size fractions (250-315 mm and 355-400 mm) we have combined the two data sets (Table S1) . We defined the different ecological niches according to local hydrology. We have separated the water column into three units: the seasonal thermocline, the BST, and the main thermocline below this level.
[19] When the BST is colder than about 16°C, Tiso of G. inflata corresponds to the temperature at the BST (Figures A2a to A2u). When the BST is warmer than 16°C, Tiso of G. inflata indicates a deeper habitat, in the upper part of the main thermocline (Figures A2v to A2y). In the latter case, it is impossible to determine whether this species lives throughout the year or only seasonally, because the temperature at this depth exhibits little seasonal variation.
[20] We develop a simple concept for this species: when the Tiso of G. inflata is lower than 16 ± 1°C, we consider that it records the temperature at the BST. When the Tiso is higher than 16 ± 1°C, it reflects warm conditions in the upper part of the main thermocline.
[21] Our ecological model is in agreement with several in-situ observations. In plankton tows and surface sediment studies from off NW Africa, Ganssen [1983] and Ganssen and Sarnthein [1983] , used isotope differences between G. ruber and G. inflata to mirror seasonal temperature changes. As G. ruber lives during the warm season and G. inflata at the BST, of which temperature is close to that of winter condition, this interpretation fits well with our concept. The development of this species during warm season at midlatitude is confirmed by the plankton nets of Ottens [1992] collected between 30°N and 60°N in the Atlantic. Recently, living G. inflata were sampled in the SW-African margin water column during austral summer [Wilke et al., 2006] . In this study they found a maximum for both the shell concentrations and the amount of calcification within the thermocline. From 1978 to 1984, Deuser and colleagues studied sediment traps in the Sargasso Sea and made oxygen isotopic measurements and foraminifer fluxes observations [Deuser, 1987; Deuser and Ross, 1989; Deuser et al., 1981] . They concluded that G. inflata lives in the winter mixed-layer. This result is in agreement with our observations at low latitude and provides additional information on the life season in this warm region. Plankton tows studies in the equatorial Atlantic show maximum abundance of G. inflata at the BST [Ravelo and Fairbanks, 1990] and oxygen isotopic measurements confirm this calcification depth [Ravelo and Fairbanks, 1992] . Finally the ecological niche defined in our study for G. inflata agrees with the calcification depth observed in the North Atlantic [Durazzi, 1981; Ganssen and Kroon, 2000; Mortyn and Charles, 2003 ].
[22] Along longitudinal sections across the North Atlantic, we found that the depth habitat of G. inflata follows the 0.3-0.4 mMol/l PO 4 concentration line in seawater (Figure 3 ). The BST is indeed a level of nutrient accumulation [Sarmiento et al., 2004] and concentration of phytoplankton is high, providing food for foraminifera.
G. truncatulinoides Dextral and Sinistral
[23] Both G. truncatulinoides right and left coiling exhibit roughly similar Tiso (Table S1 ) and therefore occupy the same ecological niche. Ganssen and Kroon [2000] have also found similar d
18 O for both coiling directions. However, we still separate them because they constitute different genetic species [de Vargas et al., 2001] and they have different behavior with respect to trace element incorporation (C. Cléroux et al., manuscript in preparation, 2007) . In our data set, G. truncatulinoides right coiling has a greater temperature tolerance than G. truncatulinoides left coiling: the standard deviation of the Tiso at a given location is often larger for the right coiling form than for the left coiling (Figures A3i to A3m and A3r).
[24] When the BST is colder than about 16°C, G. truncatulinoides is found in the seasonal thermocline lower part (Figures A3a to A3n) . When the BST is warmer than about 16°C, G. truncatulinoides lives deeper in the main thermocline ( Figures A3o to A3t) . Although G. truncatulinoides and G. inflata have similar depth habitat, G. truncatulinoides always lives at greater depth than G. inflata when both species are present in the same area. The great scatter of the calculated Tiso for low latitude samples reflects the wide temperature variation that occurs in the upper water column.
[25] We thus develop a concept similar to that of G. inflata: when the Tiso of G. truncatulinoides is lower than 16 ± 1°C, we consider that it records the temperature at the BST. When the Tiso is higher than 16 ± 1°C, it reflects conditions of the main thermocline.
[26] Local hydrology therefore fixes the depth habitat of G. truncatulinoides. LeGrande et al. [2004] predict G. truncatulinoides d
18 O for many South and North Atlantic core tops assuming (1) a single depth calcification at 350 m or (2) 30% of calcification at the surface and 70% of calcification at 800 m. We tested our concept with the North Atlantic data of LeGrande et al. 's [2004] paper. One fraction of their data comes from the study of Ganssen and Kroon [2000] and will be discussed further in the text. The other fraction corresponds to core tops located in warm regions, around the equator or in the Gulf stream water, where temperature at the BST largely exceed our threshold value of 16°C. Thus, according to our prediction, G. truncatulinoides calcifies in the main thermocline, in agreement with the model of LeGrande et al. [2004] , which specifies that it is around 350 m. On the contrary, our concept does not fit with the South Atlantic LeGrande et al.
[2004] data. Estimated isotopic temperatures are very low, in contradiction with the temperature preferences known for the North Atlantic G. truncatulinoides. It is possible that the genetic difference observed by de Vargas et al. [2001] between the North and South Atlantic G. truncatulinoides corresponds to different ecological characteristics. We do not have elements to check that hypothesis and we consider that at the present stage the concept is not adapted for the South Atlantic.
[27] Our concept directly reproduces regional observations. In the Sargasso Sea, d
18 O values of G. truncatulinoides record average conditions near 200 meters depth [Deuser, 1987; Deuser and Ross, 1989; Deuser et al., 1981; McKenna and Prell, 2004] . This depth corresponds to the BST with a temperature close to 16°C. Here, G. truncatulinoides inhabits its preferred habitat. In slope water, cold core rings of the Gulf Stream and Northern Sargasso Sea plankton tows, Fairbanks et al. [1980] observed that the main population of G. truncatulinoides is found between 125 to 175 m, which corresponds to the BST. Mulitza et al. [1999] also showed that G. truncatulinoides lives in phosphate-rich waters and is a good recorder of thermocline nutrient levels.
[28] To compare more easily our concept with previous studies, we apply our strategy and recalculate Tiso for G. truncatulinoides and G. inflata from the data of Ganssen and Kroon [2000] . Tiso for G. truncatulinoides and G. inflata follows the temperature at the BST up to 15.7°C ± 0.3 (Figure 4 ). Above this temperature, Tiso become too low and reflect the sinking of the foraminifera in the main thermocline. 
P. obliquiloculata
[29] P. obliquiloculata has a restricted geographical distribution and was found in only 7 core tops. Tiso of P. obliquiloculata reflect those at the BST (Figures A4a to A4g). This species inhabits the same ecological niche as G. inflata but is restricted to warm regions. In a core located south of Cuba (core CHO288-54, Figure A4f ), P. obliquiloculata is in equilibrium with the seawater temperature at 175 m depth. In this region where seasonality is quasi-absent and stratification is strong throughout the year, this depth corresponds to the base of the upper thermocline.
[30] Ravelo and Fairbanks [1992] found the maximum occurrence of P. obliquiloculata at 60 m in equatorial Atlantic waters, i.e., at the BST. In a study off NW Africa, Ganssen [1983] concludes also that P. obliquiloculata delineates winter temperature. Except for one specimen collected in March, this species was not found in winter plankton tows. Moreover, calculated Tiso from sediment samples was often a little warmer than winter sea surface temperature thus compatible with temperature at the BST. In the Sargasso Sea, the sediment traps studies of [Deuser, 1987; Deuser and Ross, 1989; Deuser et al., 1981] yield a characteristic isotopic depth of 0-75 m which do not contradict these results.
[31] As the preferred habitat for all species discussed here is at the BST (Table 2) , we compared Tiso with modern temperatures at the BST (DT), at each core-top location ( Figure 5 ). In a foreseeable way, for the maximum number of analysis, Tiso of G. inflata and P. obliquiloculata is equal to the temperature at the BST (DT = 0). In the histogram of G. truncatulinoides the higher peak is for DT = À1 reflecting our observation that this species calcifies always a little deeper than G. inflata. P. obliquiloculata has a symmetric histogram because it has only one depth habitat. On the contrary, G. truncatulinoides and G. inflata have distorted histograms toward negative values representing their stress habitats in the main thermocline.
Reconstruction of the Glacial Thermocline Structure Off Northwest Africa
[32] We selected 10 cores collected along the Northwest African margin from 15°N to 35°N within the Mauritanian upwelling regime (Figure 6 ) [Zahn, 1986] . Data are reported in Table 3 . Two cores (M12-328 and M16-030) are located in the today's center of perennial upwelling (Figure 6 ), cores M13-289 and M12-347 south of this zone and M15-637 outside. Others cores are distributed along the coast, north of the maximum intensity upwelling area. d
18 O of G. ruber, G. bulloides and G. inflata has been analyzed previously [Zahn, 1986] for the Holocene and LGM using benthic d
18 O for stratigraphy [Sarnthein et al., 1994; Zahn and Sarnthein, 1987] . G. bulloides is a surfacedwelling species typical of upwelling season. This species provides seawater temperature estimates for that period [Ganssen, 1983; Ganssen and Kroon, 2000; Ganssen and Sarnthein, 1983; Zahn, 1986] . G. ruber lives in the surface mixed layer during the warm season [Ganssen and Kroon, 2000] . We derive Tiso from these d 18 O, using modern seawater d
18 O values for Holocene data and already reconstructed LGM seawater d
18 O for the same cores, or for very nearby cores, for LGM data [Duplessy et al., 1991] . Results are reported in Table 3 . We used the same method developed for the construction of our concepts to compare Holocene Tiso and modern temperatures from atlas ( Figure A5 ). For all cores, the calculated Holocene Tiso of G. inflata are close to the threshold value of 16°C and nicely fit with those of the BST along the Northwest African Margin ( Figure A5 ). We highlighted in this paper that G. inflata might change his depth habitat when seawater becomes warmer; as Tiso for LGM samples are colder than the present we assume that G. inflata did not change its habitat from LGM time to Holocene. Accordingly, we consider that the calculated LGM Tiso reflect conditions at the BST.
[33] The upwelling activity, which exist at the cores M12-328, M16-030 and M16-004 locations (Figures 6 and 7) , is reflected by several indicators: Tiso of G. bulloides are low; Tiso of G. inflata are also low because the temperature at the BST is linked to the coldest month conditions. Thus Tiso differences between G. bulloides and G. inflata under upwelling conditions are small. We shall use the whole set of these indicators to characterize upwelling activity. In the other cores, outside the main upwelling cell, mean Tiso of G. bulloides is about 21°C (M13-289, M12-309 and M16-006).
The absence of upwelled cold water is well marked between 23°N and 29°N with the warm Tiso of G. inflata (Figure 7 ).
[34] During LGM, in the southern cores M12-347 and M13-289, Tiso of G. inflata are low (about 12.5°C), whereas those of G. bulloides are high (19.1°C and 19.5°C, respectively), resulting in large temperature difference between G. bulloides and G. inflata (6.9°C and 6.6°C). This suggests that the strong cooling observed at the BST is not associated with upwelling during glacial conditions but is probably due to a water mass circulation different from the present [Sarnthein et al., 1994] .
[35] In the cores M12-328, M16-030, M12-379 and M12-309, Tiso for G. inflata is comprised between 14°C and 15°C, and the mean Tiso of G. bulloides is 19°C. The mean temperature difference between the two species is about 4.5°C. According to Holocene observations, it reflects hydrological area with moderate upwelling activity. We conclude that during LGM, upwelling activity disappeared or was strongly reduced between 21°N and 26.5°N. In agreement with these data, a productivity smaller than today was deduced for the LGM in an extensive study of the coastal upwelling off Cape Blanc [Bertrand et al., 1996; Martinez et al., 1999] .
[36] For the northern cores (M15-637, M16-006, M16-004 and M15-672) the reconstructed LGM Tiso for G. bulloides are the lowest (17.2°C in mean) and the Tiso differences between G. bulloides and G. inflata are small (2.9°C) compared to southern cores. We interpret these data as an evidence for enhanced upwelling activity, in agreement with stronger LGM productivity off Morocco [Freudenthal et al., 2002] . The shift of the main upwelling cell to the north, which is also seen in changes of coccolith morphology and distribution [Henderiks and Bollman, 2004] reflects the enhanced trade winds intensity about 36°N to 24°N during LGM [Hooghiemstra et al., 1987] .
Conclusions
[37] We propose here a simple ecological concept to constrain the habitat and seasonality for G. inflata, G. truncatulinoides right and left coiling and P. obliquiloculata, based on the comparison between isotopic temperatures in North Atlantic core tops and modern atlas data. These species inhabit preferentially the base of the seasonal thermocline. Under high temperature stress, G. inflata and G. truncatulinoides sink within the main thermocline to reach colder waters. These depth habitats correspond to abundant phytoplankton level that provides food for these large nonsymbiotic foraminifera. This ecological concept fits well with previous in-situ studies.
[38] The depth habitat of these species in the water column is now well-characterized. Paired analyses of surface and deep-dwelling planktonic foraminifera along a single sediment core offers possibility to reconstruct temperature at critical levels of the water column, i.e., the surface and base of the thermocline. We have tested this concept under glacial conditions using several cores raised off West Africa. By comparison with the modern pattern, our results show a shift of the main upwelling cells from Cape Blanc to Morocco and Canary basin during the LGM. Agreement between this conclusion and previous micropaleontological reconstructions indicates that our ecological concept should be valid back in time. Appendix A
[39] Figure A1 shows the decrease of water column stratification from low to high latitudes. North of 45°N, salinity and isotopic composition of seawater are constant through the first five hundred meters. At low latitude, maximum salinity (isotopic composition of seawater) change over this depth is 1.25 psu (0.7%).
[40] Calcification depth of G. inflata in each core top is drawn in Figure A2 . When the BST (base of the summer thermocline; see text) is colder than about 16°C, Tiso (isotopic temperature; see text) of G. inflata corresponds to the temperature at the BST (Figures A2a to A2u). When the BST is warmer than 16°C, Tiso of G. inflata indicates a deeper habitat, in the upper part of the main thermocline (Figures A2v to A2y).
[41] Figure A3 shows the calcification depth of G. truncatulinoides dextral and sinistral. They calcify in the lower part of the seasonal thermocline (Figures A3a to A3n) when the BST is colder than about 16°C. But when the BST is warmer than about 16°C, G. truncatulinoides lives deeper in the main thermocline (Figures A3o to A3t).
[42] Figure A4 shows that Tiso of P. obliquiloculata reflect those at the BST.
[43] Figure A5 shows the good resemblance between reconstructed Holocene summer profiles from Holocene Tiso of G. ruber and G. inflata and modern temperature profiles extracted from World Ocean Atlas (2001) for the cores along the NW African margin. 
